High-frequency stimulation (HFS) of the subthalamic nucleus (STN) is now recognized as an effective treatment for advanced Parkinson's disease, but the molecular basis of its effects remains unknown. This study examined the effects of unilateral STN HFS (2 hr of continuous stimulation) in intact and hemiparkinsonian awake rats on STN neuron metabolic activity and on neurotransmitter-related gene expression in the basal ganglia, by means of in situ hybridization histochemistry and immunocytochemistry. In both intact and hemiparkinsonian rats, this stimulation was found to induce c-fos protein expression but to decrease cytochrome oxidase subunit I mRNA levels in STN neurons. STN HFS did not affect the dopamine lesion-mediated overexpression of enkephalin mRNA or the decrease in substance P in the ipsilateral striatum. The lesion-induced increases in intraneuronal glutamate decarboxylase 67 kDa isoform (GAD67) mRNA levels on the lesion side were reversed by STN HFS in the substantia nigra, partially antagonized in the entopeduncu lar nucleus but unaffected in the globus pallidus. The stimulation did not affect neuropeptide or GAD67 mRNA levels in the side contralateral to the dopamine lesion or in intact animals. These data furnish the first evidence that STN HFS decreases the metabolic activity of STN neurons and antagonizes dopamine lesion-mediated cellular defects in the basal ganglia output structures. They provide molecular substrate to the therapeutic effects of this stimulation consistent with the current hypothesis that HFS blocks STN neuron activity. However, the differential impact of STN HFS on the effects of dopamine lesion among structures receiving direct STN inputs suggests that this stimulation may not cause simply interruption of STN outflow.
High-frequency stimulation (HFS) of the subthalamic nucleus (STN) is now recognized as an effective treatment for advanced Parkinson's disease, but the molecular basis of its effects remains unknown. This study examined the effects of unilateral STN HFS (2 hr of continuous stimulation) in intact and hemiparkinsonian awake rats on STN neuron metabolic activity and on neurotransmitter-related gene expression in the basal ganglia, by means of in situ hybridization histochemistry and immunocytochemistry. In both intact and hemiparkinsonian rats, this stimulation was found to induce c-fos protein expression but to decrease cytochrome oxidase subunit I mRNA levels in STN neurons. STN HFS did not affect the dopamine lesion-mediated overexpression of enkephalin mRNA or the decrease in substance P in the ipsilateral striatum. The lesion-induced increases in intraneuronal glutamate decarboxylase 67 kDa isoform (GAD67) mRNA levels on the lesion side were reversed by STN HFS in the substantia nigra, partially antagonized in the entopeduncu lar nucleus but unaffected in the globus pallidus. The stimulation did not affect neuropeptide or GAD67 mRNA levels in the side contralateral to the dopamine lesion or in intact animals. These data furnish the first evidence that STN HFS decreases the metabolic activity of STN neurons and antagonizes dopamine lesion-mediated cellular defects in the basal ganglia output structures. They provide molecular substrate to the therapeutic effects of this stimulation consistent with the current hypothesis that HFS blocks STN neuron activity. However, the differential impact of STN HFS on the effects of dopamine lesion among structures receiving direct STN inputs suggests that this stimulation may not cause simply interruption of STN outflow.
Key words: striatum; pallidum; substantia nigra; subthalamic nucleus; glutamate decarboxylase; in situ hybridization; Parkinson's disease; deep brain stimulation
The subthalamic nucleus (STN) is now recognized as the anatomical target of choice for the neurosurgical treatment of advanced Parkinson's disease (PD). The rationale for targeting the STN for neurosurgery in PD patients came from experimental evidence showing that the loss of dopaminergic nigral neurons in PD leads, through complex changes in cellular interactions in the basal ganglia circuitry, to changes in the firing rate and pattern of STN neurons, suggesting overactivity of this nucleus (Miller and DeLong, 1987; Hollerman and Grace, 1992; Bergman et al., 1994; Hassani et al., 1996) . Therefore, abnormal activity of the STN, which sends glutamatergic excitatory projections to the basal ganglia output structures, represented by the substantia nigra pars reticulata (SNr) and the internal globus pallidus also termed entopeduncular nucleus (EP), has been thought to play a pivotal role in the expression of PD symptoms. Accordingly, lesioning the STN has been reported to normalize the metabolic activity as well as the firing rate and pattern of neurons in the SNr and EP (Burbaud et al., 1995; Blandini et al., 1997) , to block changes in neurotransmitter-related gene expression resulting from dopamine denervation in basal ganglia structures (Delfs et al., 1995; Guridi et al., 1996) and to alleviate parkinsonian motor deficits (Bergman et al., 1990; Aziz et al., 1991; Alvarez et al., 2001) . The high-frequency stimulation (HFS) procedure, referred to as deepbrain stimulation, has been developed in the last decade as an alternative to the ablative surgery, the targeted structure being initially the ventral intermediate thalamic nucleus to replace thalamothomy in the treatment of tremor (Benabid et al., 1987 (Benabid et al., , 1991 . Since 1993, evidence has been accumulated that HFS of the STN alleviates all the cardinal motor symptoms of PD, in both experimental animals and humans, and drastically reduces daily levodopa requirements and dyskinesias Pollak et al., 1993; Limousin et al., 1995; Benabid et al., 2000; Krause et al., 2001) . The observation that HFS of the STN mostly simulates the STN lesion effects, as reported for other surgical targets, has suggested that this stimulation may act by inactivating the STN and subsequently reducing its excitatory influence onto the basal ganglia output structures. In keeping with this hypothesis, electrophysiological recordings in rats have shown that STN HFS decreases neuron activity in both the STN and the basal ganglia output structures . However, to date, whether or not the therapeutic effects of STN HFS are underlain by reversal of the molecular defects resulting from dopamine denervation in the basal ganglia structures remains unknown.
This study was thus aimed at examining the impact of STN HFS in intact and hemiparkinsonian freely moving rats on mRNA levels of enkephalin and substance P in the striatum, as markers of the striatopallidal and striatonigral neurons, respectively, and of glutamate decarboxylase 67 kDa isoform (GAD67) as a marker of GABA neuron activity in the external globus pallidus (GP), EP, and SNr, by in situ hybridization histochemistry. In parallel, the reactivity of STN neurons to HFS was investigated by means of c-fos immunocytochemistry and cytochrome oxidase subunit I (CoI) mRNA detection.
MATERIALS AND METHODS
E xperiments were performed on male adult Wistar rats (240 -260 gm at the time of surgery; from Iffa Credo, L'arbresle, France). Animals were housed three per cage and maintained on a 12 hr light /dark cycle at a constant temperature (21 Ϯ 1°C) with ad libitum access to food and water. The experimental protocols, involving animals and their care, strictly conformed to the guidelines of the French Agriculture and Forestry Ministry (decree 87-848). Surger y. Surgery was performed under chloral hydrate anesthesia (250 mg / kg, i.p.). Thirteen animals, pretreated with desipramine (25 mg / kg, s.c.) to protect noradrenergic neurons, received a unilateral injection of 12 g of 6-hydroxydopamine (6-OH DA; Sigma, St. Quentin-Fallavier, France) dissolved in 6 l of 0.9% sterile NaC l containing 0.1% of ascorbic acid, at the rate of 1 l /min in the left substantia nigra. The stereotaxic coordinates of the injection site were: anterior (A), Ϫ5.2 mm and lateral (L), 2.15 mm from bregma; dorsoventral (DV), Ϫ7.6 mm from the skull, with the incisor bar at 3.3 mm below the interaural plane according to the stereotaxic atlas of Paxinos and Watson (1986) .
Eight of these animals and six other rats without 6-OH DA injection were implanted unilaterally with a bipolar electrode formed by two stainless steel wires insulated with polyimide up to the exposed ends (diameter of each wire: 250 m insulated, 200 m bare; from Phymep, Paris, France) and closely twisted together. The electrode was implanted so that exposed ends are placed just above the STN to minimize mechanical damage to the structure. Indeed with the type of electrode used, the electrical field is expected (according to previous testing in egg white) to be limited to the tip of the electrode and to diff use below. The stereotaxic coordinates from bregma using the rat brain atlas from Paxinos and Watson (1986) were: A, Ϫ3.8 mm; L, 2.5 mm; DV, Ϫ7.8 mm (from the skull). A group of three or four anesthetized but unoperated animals was used as control.
High-f requenc y stimulation. HFS was applied for 2 hr after a 15-17 d recovery period. The objective was to investigate the possible early molecular changes mediated by STN HFS, knowing that such a stimulation in PD patients has immediate beneficial effects on PD motor symptoms. The stimulation duration was determined on the basis of previous microdialysis studies by Windels et al. (2000) in rats showing that STN HFS for 1 hr is sufficient for inducing significant change in extracellular glutamate levels in main STN targets (GP and SNr), but that this effect develops slowly during the stimulation period. We then assume that a 2 hr stimulation period should be a minimum to produce postsynaptic effects on gene expression. Stimuli were delivered by a pulse generator-stimulator and stimulus isolation unit (P2MP, Marseille, France) that gave rectangular pulses. The frequency was set at 130 Hz all over the stimulation period for all the stimulated animals. Within the first 5 min of stimulation, the behavioral effects of increasing the stimulation intensity from 0 to 500 A were examined in individual animals. Because slight increases in pulse width were observed in preliminary experiments to allow important reduction in intensity to induce the same behavior, fine adjustment in pulse width between 90 and 110 A was also done during this period to minimize the total energy delivered. Both parameters were then set for the 2 hr of stimulation at values just below the threshold of the dyskinetic movement of the contralateral forepaw. Animals were killed by decapitation immediately after turning off the stimulation.
T issue preparation. The brains were removed quickly, frozen in dry ice, and kept at Ϫ80°C until cryostat sectioning. Coronal 10-m-thick tissue sections were cut at Ϫ20°C, at the level of the striatum [rostral striatum: between interaural coordinates A, 9.2-10.2 mm based on the stereotaxic atlas of Paxinos and Watson (1986) ], GP (A, 8.2-7.2 mm), EP (A, 6.7-5.7), SNr (A, 4.2-3.2), and STN (A, 5.4 -4.7) and thaw mounted onto SuperFrost plus glass slides (Fisher Scientific, Elancourt, France). Tissue sections were stored at Ϫ80°C until specific treatment.
Histolog ical staining and 3 H-mazindol binding e xperiments. The location of the electrode was examined on cresyl violet-stained sections. The loss of dopamine terminals in the striatum was assessed as an index of the dopamine lesion extent by analysis of 3 H-mazindol binding to dopamine uptake sites, as previously described . Briefly, brain sections were air-dried and rinsed for 5 min in 50 mM Tris buffer with 120 mM NaC l and 5 mM KC l. They were then incubated for 40 min with 15 nM 3 H-mazindol (N EN Life Science Products, Boston, M A) in 50 mM Tris buffer with 300 mM NaC l and 5 mM KC l added with 0.3 mM desipramine to block the noradrenaline uptake sites. Sections were rinsed twice for 3 min in the Tris incubation buffer and for 10 sec in distilled water and were air-dried.
3 H-sensitive Hyperfilm photographic film (Amersham Pharmacia, Orsay, France) were apposed to the slides in x-ray cassettes and exposed at room temperature for 15 d. Animals showing misplaced electrode or a reduction of Ͻ85% in 3 H-mazindol binding were discarded (one with the dopamine lesion alone, two with the lesion and STN HFS). All the following morphological experiments were then performed as a f ull sequence in each selected rat from the different experimental groups.
C-fos immunoc ytochemistr y. Sections were post-fixed for 15 min in 0.12 M PBS, pH 7.4, containing 4% paraformaldehyde. After several rinses in PBS, sections were preincubated three times for 5 min in PBS containing 1% hydrogen peroxide, then for 30 min in 10% BSA and 0.25% Triton X -100. Thereafter, sections were incubated overnight at 4°C with a polyclonal rabbit anti-c-fos antiserum (1:4000 in PBS containing 2% BSA; Santa Cruz Biotechnology, Santa Cruz, CA), then for 1 hr in biotinylated goat anti-rabbit IgG secondary antibody (1:200 in PBS containing 2% BSA; from Vector Laboratories, Burlingame, CA). After several rinses (3 ϫ 5 min in PBS with 2% BSA and 3 ϫ 5 min in PBS with 5% BSA), the sections were processed for immunodetection through the following incubations: 45 min in an avidin -biotin -peroxidase complex (Elite ABC kit, Vectastain; Vector Laboratories), 10 min in a solution containing 0.025% diaminobenzidine, and 2-5 min in the diaminobenzidine solution added with 0.03% hydrogen peroxide.
In situ hybridization. Radiolabeled antisense synthetic DNA probes (43-48 mer) were used for preprotachykinin (substance P), preproenkephalin A (enkephalin), and GAD67 in situ hybridization, as previously described (Liévens et al., 1997) . Briefly, the oligoprobes were 3Ј endlabeled by terminal deoxynucleotide transferase (Roche, Meylan, France) with 35 S-dATP (1300 C i /mmol; N EN Life Science Products). The probes were then purified from unincorporated nucleotides on sephadex mini spin columns (Roche). A radiolabeled antisense RNA probe was used for CoI mRNA detection. The cDNA, corresponding to nucleotides 5308 -6218 within the gene coding for CoI of the rat mitochondrial genome (EMBO databank, ref M IRN X X) was generously provided by Dr. E. Hirsch . The antisense RNA probe was transcribed from 1 g of linearized plasmid containing the cDNA fragment, using a T3 polymerase, 2.5 mM 35 S-UTP (1200 C i /mmol) with ATP, C TP, and GTP in excess.
Slide-mounted sections were postfixed for 5 min in 3% paraformaldehyde, incubated for 30 min in prehybridization buffer (2ϫ SSC and 1ϫ Denhardt's solution) and acetylated for 10 min with 0.25% acetic anhydride in 0.1 M triethanolamine. Then, the tissue was treated for 30 min with 0.1 M Tris-glycine, dehydrated, and air dried. When using oligoprobes, each section was covered with 35 l of hybridization buffer (50% formamide, 1ϫ Denhardt's, 1% yeast tRNA, 1% sheared salmon sperm DNA, 10% dextran sulfate, 4ϫ SSC) containing 20 nmol of radiolabeled probe (ϳ400,000 cpm) and incubated for 12-14 hr at 42°C in humid chambers. After hybridization, the sections were washed sequentially in 1ϫ SSC for 1 hr at room temperature, 1ϫ SSC for 1 hr at 42°C, and 0.1ϫ SSC for 1 hr at 42°C. For riboprobe, each section was covered with 20 ml of the same hybridization buffer containing 6 ng of CoI probe (ϳ2.5 ϫ 10 Ϫ6 cpm) and incubated for 4 hr at 50°C. Posthybridation treatments included washes at 52°C with 50% formamide in 2ϫ SSC and incubation with RNase A (100 mg /ml) in 2ϫ SSC at 37°C for 30 min. In both cases, the sections were then dehydrated and apposed to Kodak BioMax MR (Eastman Kodak, Rochester, N Y) films in light-tight cassettes for 2-10 d. Sections processed for cellular analysis were thereafter coated with Amersham L M1 autoradiographic emulsion and exposed at 4°C for 5 hr for CoI and for 10 -15 d for GAD67 mRNA detection. E xposed slides were developed in Kodak D-19 for 4 min at 13°C and counterstained with toluidine blue. Brain sections from the four experimental groups of animals (three sections per individual) were run in the same in situ hybridization session.
Data anal ysis. The levels of striatal enkephalin and substance P mRNA labeling were quantified by digitized image analysis from film autoradiograms using a BIOC OM analysis system (Densirag; BIOC OM, Les Ulis, France). Gray levels were converted to optical densities (OD) using external standards (calibrated density step tablet; Kodak). The mean OD value was determined from three sections per animal after subtracting the background signal measured on each section by scanning a cortex area that is known to lack substance P and enkephalin neurons. Analysis of GAD67 mRNA labeling in GP, EP, and SNr and of CoI mRNA in the STN was done at cellular level on emulsion-coated sections. Sections were observed under dark-field epi-illumination with an immersion 20ϫ objective of a microscope connected to a C OHU camera, and the digitized images were transferred to the screen of a video monitor with a resulting magnification of 1000ϫ. Using the Visioscan image analysis system (BIOC OM), the number of silver grains per cell was estimated under polarized light by measuring OD with respect to a standard curve of a defined number of silver grains. In the present experiments, autoradiographic background was extremely low, so that the corresponding value was not subtracted. A random sample of 30 -50 labeled neurons (Ͼ5 grains) per section and per brain side was quantified in three sections from each animal, and the mean number of silver grains per neuron was determined. The data from the n animals per condition were then averaged (n ϭ 3-4 control; four 6-OHDA lesioned, six stimulated, and six lesioned and stimulated animals) and expressed as means Ϯ SEM. Results were presented as percentage of the corresponding mean control value.
Statistical comparisons were performed for each anatomical region using a one-way ANOVA followed by Scheffé's test for multiple group comparison. A significance of p Ͻ 0.05 was required for rejection of the null hypothesis. showing the effects of separate or combined unilateral 6-hydroxydopamine lesion and high-frequency stimulation of the subthalamic nucleus on striatal 3 H-mazindol binding to dopamine uptake sites. The data presented in the graphs are the means Ϯ SEM of the optical density values determined from n animals per condition and are expressed as percentages of control. Statistical comparisons are performed using a one-way ANOVA followed by Scheffé's test. Scale bar, 2 mm.
q Side ipsilateral to surgery; **p Ͻ 0.01 compared with control values. 
RESULTS

Behavioral observations
Animals with the lesion had an ipsilateral bias in the head position, and some of them show a weak tendency to ipsilateral rotation. Progressively increasing the stimulation intensity was observed to induce a similar sequence in intact and lesioned animals. It was characterized first by orofacial dyskinetic movements, thereafter dyskinetic movements of the contralateral forepaw (preceded in lesioned animals by a normalization of the ipsilateral bias in head position) followed by a strong contralateral bias in the head position, and finally contralateral rotation. However, the stimulation intensity required to produce these effects was observed to be significantly higher in lesioned versus intact stimulated rats, indicating lower sensitivity to the stimulation. For instance, to be just below the threshold of the dyskinetic movement of the contralateral forepaw, the stimulation parameters were: intensity, 400 Ϯ 20 versus 292 Ϯ 44 A; pulse width, 108 Ϯ 4.1 versus 93 Ϯ 5.2 sec). Figure 1 illustrates the location of the stimulation electrode, which was just above the STN, in the selected animals. No major tissue damage was observed in the structure.
Control of the electrode location and of the dopamine lesion extent
The animals with or without STN HFS that received a unilateral injection of 6-OHDA showed an almost complete loss of 3 H-mazindol binding in the ipsilateral striatum (Fig. 2) . No significant change in striatal 3 H-mazindol binding was found in the side contralateral to the lesion or in both brain sides in intact rats with STN HFS.
c-fos immunolabeling and CoI gene expression in the subthalamic nucleus
In control and 6-OHDA lesioned rats without STN HFS, virtually no c-fos immunoreactivity was observed at STN level. HFS induced abundant c-fos expression within the STN on the stimulation side, both in intact rats and in animals with the dopamine lesion (Fig. 3) . No contralateral induction was observed (Fig. 3) .
Regarding CoI mRNA expression in the STN (Fig. 4) , the levels of intraneuronal labeling did not significantly differ from control values in animals with the dopamine lesion alone, but were reduced on the stimulation side, selectively, in both intact and lesioned rats with STN HFS. It can be noted, however, that there is a slight although not significant decrease in the contralateral STN after STN HFS alone or dopamine lesion alone, which is no more observed in animals with the lesion and STN HFS.
Enkephalin and substance P mRNAs in the striatum
STN HFS in intact rats did not affect striatal enkephalin (Fig. 5 ) or substance P (Fig. 6 ) mRNA levels whatever the brain side examined. Unilateral dopamine lesion was shown, in agreement with previous reports (Gerfen et al., 1991; Delfs at al., 1995; Hajji et al., 1996) , to result in increased enkephalin and decreased substance P mRNA levels in the striatum ipsilateral to the lesion side, in the absence of contralateral changes. The dopamine lesion-mediated changes were unaffected by STN HFS. No significant differences in striatal mRNA levels of either enkephalin (Fig. 5 ) or substance P (Fig. 6) were detected between animals with the dopamine lesion alone and those with the lesion and STN HFS, whatever the brain side examined. 
GAD67 mRNA levels in the globus pallidus
STN HFS in intact rats did not significantly modify the levels of intraneuronal GAD67 mRNA labeling in the GP ( Fig. 7; see Fig.  10 ) ipsilateral or contralateral to the stimulation side. As reported previously (Kincaid et al., 1992; Soghomonian and Chesselet, 1992; Vila et al., 1999) , unilateral dopamine lesion induced a marked increase in GAD 67 mRNA levels in neurons of the ipsilateral GP, confirmed by the shift to the right of the frequency distribution of labeling per cell, without affecting contralateral labeling. The dopamine lesion-induced increase was not significantly modified by STN HFS.
GAD67 mRNA levels in the entopeduncular nucleus
STN-HFS alone did not significantly change the intraneuronal levels of GAD 67 gene expression in the EP ( Fig. 8; see Fig. 10 ) of both brain sides. In animals with the unilateral dopamine lesion alone, intraneuronal GAD67 mRNA levels were strongly increased in the EP ipsilateral to the lesion but unaffected in the contralateral EP. Frequency distribution analysis confirmed this increase by showing a shift toward the right of the histogram compared with controls. The dopamine lesion-induced ipsilateral increase in GAD67 mRNA levels was reduced, but not abolished, by STN HFS. For instance, the mean level of labeling per cell in animals with the dopamine lesion and STN HFS was significantly lower than in animals with the dopamine lesion alone (Ϫ19%), but remained increased compared with controls. No change was observed in the contralateral EP.
GAD67 mRNA levels in the substantia nigra pars reticulata GAD67 mRNA expression in SNr (Figs. 9, 10 ) neurons was not affected by STN HFS alone. In animals with unilateral dopamine lesion, a slight but significant increase was measured in the ipsilateral side, as previously reported (Vila et al., 1999) , in the absence of contralateral change. This increase was totally abolished in animals with the lesion and STN HFS, mRNA levels measured in this condition being no more significantly different from controls showing the effects of separate or combined unilateral highfrequency stimulation of the subthalamic nucleus and 6-hydroxydopamine lesion of nigral neurons on striatal enkephalin mRNA expression. The data presented in the graphs are the means Ϯ SEM of the optical density values determined from n animals per condition and are expressed as percentages of control. Statistical comparisons are performed using a one-way ANOVA followed by Scheffé's test. Scale bar, 2 mm.
q Side ipsilateral to surgery; *p Ͻ 0.05 and **p Ͻ 0.01 compared with control values.
Figure 6. Digitized autoradiographic images ( A) and quantitative analysis ( B)
showing the effects of separate or combined unilateral highfrequency stimulation of the subthalamic nucleus and 6-hydroxydopamine lesion of nigral neurons on striatal substance P mRNA expression. The data presented in the graphs are the means Ϯ SEM of the optical density values determined from n animals per condition and are expressed as percentages of control. Statistical comparisons are performed using a one-way ANOVA followed by Scheffé's test. Scale bar, 2 mm.
q Side ipsilateral to surgery; **p Ͻ 0.01 compared with control values. and significantly reduced (Ϫ27%) compared with animals with the lesion alone. No change was observed in the contralateral SNr.
DISCUSSION
As a main finding, this study shows that STN HFS for a short duration decreases STN metabolic activity and is efficient in antagonizing cellular defects resulting from dopamine denervation in the output structures of the basal ganglia, SNr and EP, but not in the striatum and GP. These data led to question the relative weight of STN contribution to the effects of dopamine lesion in the basal ganglia and/or the mechanisms of STN HFS.
STN HFS in normal monkey has been reported to induce dyskinesias contralateral to the stimulated STN (Beurrier et al., 1997) , resembling human hemiballismus and those obtained in primates after STN lesion (Hamada and DeLong, 1992; Lee and Marsden, 1994) . Accordingly, we report that unilateral STN HFS in intact rats can induce, depending on the stimulation intensity used, contralateral dyskinetic movements of the forepaw, contralateral bias, as observed after STN lesion (Henderson et al., 1999) , and even contralateral rotational behavior. In addition, we observed that STN HFS in hemiparkinsonian rats can abolish the dopamine lesion-induced ipsilateral biases, but above a given threshold intensity, can also produce contralateral bias, dyskinetic movement, and rotation as observed in intact rats. This finding is consistent with previous reports showing that contralateral hemiballismus can occur after STN HFS in PD patients at a voltage higher than those producing antiparkinsonian benefits (Limousin al., 1996) . Interestingly, however, we presently observed that higher intensity of stimulation was required to elicit dyskinesia in animals with the dopamine lesion compared with intact rats, evidencing increased threshold for the induction of dyskinesia by STN HFS in parkinsonian state, as previously suggested to be the case after STN lesioning . Because differential sensitivity to STN HFS appears as a feature of parkinsonian versus normal state, we therefore examined the cellular effects of this stimulation in intact and hemiparkinsonian rats using different intensities inducing similar behavioral effects in the two groups rather than identical intensity inducing different behavior.
Neuronal expression of immediate early genes act as indicators of change in activity in neuronal systems (Hughes and Dragunow, 1995) . CoI mRNA expression has been suggested to represent a marker of neuronal metabolic activity . STN HFS was shown here to induce expression of the immediate early gene product c-fos and to decrease CoI mRNA levels in STN neurons on the stimulation side in both intact rats and in animals with lesion of the nigral dopamine neurons on the same side. These changes testify of the efficiency of the stimulation procedure we used to modify STN activity, selectively, and suggest that STN HFS decreases STN neuron metabolic activity. This is in keeping with electrophysiological recordings showing that STN HFS in intact rats results in a decrease in activity of all STN cells recorded around the stimulation site in vivo , although there is a controversy as to the mechanisms leading to reduced activity of these neurons, direct blockade of ongoing activities (Beurrier et al., 2001) , and/or inhibition dependent on synaptic transmission (Grill and McIntyre, 2001 ). In our study, the dopamine lesion alone did not significantly affect CoI mRNA levels in the ipsilateral STN at 15-17 d after lesion, which disagrees with a previous report showing a slight but significant increase at 14 d after similar lesion . In the latter report, it was shown that changes in CoI mRNA expression is an early phenomenon preceding changes in electrical activity, and that changes were markedly reduced from 24 hr to 14 d after 6-hydroxydopamine lesion. It then could be that the survival time examined is a turning point toward normalization and that the kinetic of this effect differs depending on the rat strains and/or extent of dopamine denervation. On the other hand, dopamine lesion alone induced a slight decrease in CoI mRNA levels in the contralateral STN, consistent with previous electrophysiological data emphasizing the importance of interhemispheric regulation of this structure (Mouroux et al., 1995; Perier et al., 2000) . For instance, unilateral dopamine lesion has been reported to decrease neuron discharge rate in the contralateral STN, whereas increasing this rate in the ipsilateral STN . STN HFS in intact rats decreased bilaterally CoI mRNA levels in Figure 9 . Photomicrographs taken under dark-field epi-illumination (left ) and histograms of frequency distribution of labeling (right ) illustrating the effects of highfrequency stimulation of the subthalamic nucleus and of 6-hydroxydopamine lesion of nigral dopamine neurons on GAD67 mRNA expression in the ipsilateral substantia nigra pars reticulata. Sections were processed for in situ hybridization with 35 S-radiolabeled GAD67 oligoprobe and for emulsion autoradiography. Illustrations concern the following conditions: control ( A), stimulation alone ( B), dopamine lesion alone ( C), and dopamine lesion and subsequent stimulation ( D). Scale bar, 20 m.
the STN, although the contralateral effect was not significant. To our knowledge whether or not unilateral STN HFS affects contralateral STN neuron discharge rate is unknown. However, microdialysis studies in intact rats have shown bilateral changes in glutamate extracellular levels in STN targets after unilateral HFS (Windels et al., 2000) . Interestingly, we did not observed additive effects of dopamine lesion and HFS, levels of CoI mRNA in the contralateral STN returning to control values in animals with combined dopamine lesion and STN HFS. This suggests an antagonistic interference between the effects of both types of surgery in the contralateral brain side. An interesting hypothesis is that unilateral STN HFS in animals with dopamine lesion on the same brain side may prevent the previously reported dopamine hyperactivity in the contralateral hemisphere (Nieoullon et al., 1977; Zhang et al., 1988) .
STN HFS was found here to have no effect on neurotransmitter-related gene expression when applied in intact animals, whatever the basal ganglia structure examined, but to selectively antagonize some defects resulting from dopamine denervation in hemiparkinsonian rats. The lack of effect in intact animals cannot be attributed to the lower intensity of stimulation applied in this group compared with that used in hemiparkinsonian rats, because this stimulation was found to similarly decrease STN neuron metabolic activity and because STN lesion alone was previously reported to also have minimal effect in the basal ganglia (Delfs et al., 1995) . Among the possible explanations, it could be that the influence of STN on neuronal metabolic activity in basal ganglia structures depends on the integrity of the dopamine system. This could be attributable to the functional inter-relationships between the STN and the nigral dopamine neurons as evidence has been provided that STN HFS in either intact rats or animals with partial dopamine lesion increases dopamine metabolism and transmission (Paul et al., 2000; Bruet et al., 2001 ) and conversely, that dopamine depletion modifies the firing pattern of STN neurons (Miller and Delong, 1987; Robledo and Feger, 1991; Hollerman and Grace, 1992; Bergman et al., 1994; Hassani et al., 1996; Kreiss et al., 1997; Ni et al., 2001 ). On the other hand, certain basal ganglia structures may be more sensitive to change in STN neuron activity in the parkinsonian versus normal state. In this connection, it has been reported that excitatory responses to pharmacological stimulation of the STN are potentiated in animals with monoamine depletion compared with controls in the SNr but not pallidum, further suggesting selective interactions between dopamine and STN afferents among basal ganglia structures (Robledo and Feger, 1991) . Such selective interactions may also account for differential effects of STN surgery between basal ganglia structures in the parkinsonian state.
All the molecular effects of 6-hydroxydopamine-induced dopamine lesion described in this study at striatal, GP, and SNr level comply with previous reports by other groups (Gerfen et al., 1991; Kincaid et al., 1992; Soghomonian and Chesselet, 1992; Delfs at al., 1995; Vila et al., 1999) . It is to note that an unexplained controversy persists in the literature as to the effects of dopamine lesion at EP level in rats, some studies reporting increased GAD67 mRNA levels in the EP ipsilateral to the lesion (Vila et al., 1999) , as found here, whereas others show decreased GAD67 mRNA in the contralateral EP (Soghomonian and Chesselet, 1992; Delfs et al., 1995) . In the primate 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of PD, data concur to show increased GAD67 mRNA in the homologous GPi Herrero et al., 1996) .
In hemiparkinsonian rats, STN HFS was found in the present Figure 10 . Quantitative analysis of the effects of high-frequency stimulation of the subthalamic nucleus and of 6-hydroxydopamine lesion of nigral dopamine neurons on the expression of GAD67 mRNA in the globus pallidus (GP), entopeduncular nucleus (EP), and substantia nigra pars reticulata (SNr). The histograms represent the mean of silver grain number per labeled neuron on the side ipsilateral (ipsi) and contralateral (contra) to the lesion and/or stimulation. All data are expressed as percentage Ϯ SEM of the corresponding controls. Statistical comparisons are performed using a one-way ANOVA followed by Scheffé's test. *p Ͻ 0.05 and **p Ͻ 0.01 compared with control values; p Ͻ 0.05 and p Ͻ 0.01 compared with values obtained in animals with the dopamine lesion alone.
